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ABSTRACT
The Interstellar Boundary Explorer (IBEX) has been measuring fluxes of the Energetic
Neutral Atoms (ENAs) using the IBEX-Hi (0.3 – 6 keV) instrument since 2008. We have
developed a numerical time-depended code to calculate globally distributed flux (GDF) of
hydrogen ENAs employing both 1) 3D kinetic-MHD model of the global heliosphere and 2)
reconstruction of atom trajectories from 1 au, where they are observed by IBEX, to the point
of their origin in the inner heliosheath (IHS). The key factor in the simulation is a detailed
kinetic consideration of the pickup ions (PUIs), the supra-thermal component of protons in
the heliosphere, which is “parental" to the ENAs and originates in the region of the supersonic
solar wind being picked by the heliospheric magnetic field. As a result of our study, we have
concluded that (1) the developed model is able to reproduce the geometry of the multi-lobe
structure seen in the IBEX-HiGDF maps, (2) the GDF is extremely sensitive to the form of the
velocity distribution function of PUIs in the IHS, and the accounting for the existence of an
additional energetic population of PUIs is essential to explain the data, (3) despite a relatively
good agreement, there are some quantitative differences between the model calculations and
IBEX-Hi data. Possible reasons for these differences are discussed.
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1 INTRODUCTION
The solar system is surrounded by the local interstellar medium
(LISM) and moving through it with a bulk velocity of ∼26 km s−1
(e.g., Witte 2004; McComas et al. 2015). The interaction of the
solar wind (SW) with the ionized component of the LISM forms
a complex structure that is called the heliospheric interface. The
heliopause (HP) is a tangential discontinuity that separates the SW
and interstellar plasmas from each other. There are two shocks in
the heliospheric interface – the termination shock (TS), where the
SW is slowed down from supersonic to subsonic speed, and a bow
shock (BS), where the interstellar flow is slowed down, but the
existence of latter is under discussion (see, e.g., Izmodenov et al.
2009; McComas et al. 2012; Zank et al. 2013). The region of the
compressed and heated plasma between the shocks is commonly
called a heliosheath and the region between the TS and HP – the
inner heliosheath (IHS).
The neutral component of the LISM consists mainly of hydro-
gen atoms. The interstellar H atoms have a large mean free path
for charge exchange, which is comparable with the characteristic
? E-mail: igor.baliukin@gmail.com
size of the heliosphere (Izmodenov 2001), and due to the relative
motion of the Sun and LISM, they can penetrate the heliosphere. In
the heliosheath, H atoms may experience charge exchange with hot
protons, which results in the production of energetic neutral atoms
(ENAs). Some of these ENAs propagate close to the Sun and Earth’s
orbit, where they can be measured.
The Interstellar Boundary Explorer (IBEX) spacecraft was
launched into a highly elliptical orbit around Earth in October 2008
to obtain the first all-sky maps of the neutral gas/plasma interactions
at the heliospheric boundary and to directly sample the interstellar
gas flow through the inner heliosphere (McComas et al. 2009). To
achieve these goals IBEX is a Sun-pointed spinning satellite, which
carries two energetic atom sensors: IBEX-Lo (0.01 – 2 keV) and
IBEX-Hi (0.3 – 6 keV). A detailed description of the IBEX-Hi sen-
sor may be found in Funsten et al. (2009). The IBEX-Hi instrument
is measuring ENA fluxes and these data are one of the few sources
of knowledge about the structure of the heliospheric boundary, im-
posing significant limitations on the parameters of the heliospheric
models. McComas et al. (2020) have examined IBEXâĂŹs global
ENA observations over a full solar activity cycle (Solar Cycle 24),
covering 11 years from 2009 through 2019.
The observations of ENAs by IBEX-Hi have revealed two pop-
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ulations: one of them is emitted from a narrow circular part of the
sky that is called “ribbon", and a globally distributed flux (GDF)
that is controlled by processes in the heliosheath (McComas et al.
2009). Schwadron et al. (2011, 2014) have performed the analy-
sis of IBEX-Hi data and developed the technique to separate ENA
emissions in the ribbon from the GDF, which, as it turned out, has
a complex multi-lobe structure. It is commonly assumed that the
GDF originates from the IHS, where the supersonic SW and pickup
ions (PUIs) are slowed and heated after crossing the TS. The PUIs
are formed in a result of ionization of interstellar hydrogen atoms
mainly through charge exchange in the heliosphere, where they are
picked by the heliospheric magnetic field. The ribbon, in turn, is
formed by secondary charge exchange in the outer heliosheath (see,
e.g., McComas et al. 2009; Chalov 2010; Heerikhuisen et al.
2010).
There are two populations of protons in the heliosphere – the
cold thermal population of core SW protons and the hot supra-
thermal population of PUIs. The PUIs in the inner heliosheath can
be divided into subpopulations, transmitted or reflected, depending
on its interaction with TS (Zank et al. 2010). In some works on
the modeling of ENA fluxes the authors made attempts to model
the quite distinct populations âĂŞ thermal and pickup protons âĂŞ
using one kappa-distribution (e.g., Heerikhuisen et al. 2008) or a
superposition of Maxwell distributions (Zank et al. 2010; Zirnstein
et al. 2017; Kornbleuth et al. 2018; Shrestha et al. 2020).
In this paper, we investigate the GDF maps produced in the
frame of the latest heliospheric model of the Moscow group (Iz-
modenov & Alexashov 2015, 2020), and perform its comparison
with IBEX-Hi data (Schwadron et al. 2014). The key factor in
the simulation is a detailed kinetic consideration of the PUIs, the
supra-thermal component of protons in the heliosphere. The paper is
organized as follows. Section 2 describes the method of calculation
of the ENA fluxes. In Section 3, the detailed description of the PUI
distribution model is provided. Section 4 describes the technique
of partitioning charged particles into components from single-fluid
plasma calculations. In Section 5, the results of the numerical cal-
culations and their comparison with IBEX-Hi data are presented. In
Section 6, the qualitative effect of additional energetic PUI popula-
tion on the ENA fluxes is discussed. Finally, Section 7 provides an
overall summary of our work.
2 MODELING OF THE ENA FLUXES
The primary ENAs, which are the source of GDF, are born in
charge exchange between the SW protons and H atoms in the inner
heliosheath (IHS). The directional differential ENAflux (in the solar
inertial reference frame) is a line of sight (LOS) integral:
jENA(tobs, robs, v,LOS) =
1
mH
∫ sHP
sTS
νH(t, r, v) f (t, r, v)vSp,ENAds,
(1)
where tobs is the moment of observation, robs is the position of
the observer, LOS is the unit vector in the line of sight direction,
v = v · LOS is the velocity of an ENA, mH is the mass of H atom,
f = fsw + fpui is the velocity distribution of protons in the IHS
(the sum of core SW proton and PUI distribution functions). The
integration is performed along the ENA trajectory in the IHS (in the
region between the TS and HP), with ds = vdt being the differential
path length. The values of the variable s along the trajectory sTS and
sHP correspond to atom intersections of the TS andHP, respectively.
In principle, the velocity of an ENA is changing along the trajectory
due to the influence of gravitational and radiation pressure forces
by the Sun, i.e. v = v(s), but for the energies under consideration
(in the IBEX-Hi energy range) the change of velocity is negligible,
so we assume that the velocity is constant along the trajectory.
In Equation (1) νH is the production rate of ENAs due to the
charge exchange of protons with H atoms, which is defined as
νH(t, r, v) =
∫ ∫ ∫
fH(t, r, vH)|v − vH |σex(|v − vH |) dvH, (2)
where fH(t, r, vH) is the H velocity distribution function and σex
is the effective charge exchange cross section that depends on the
relative atom-proton velocity. In our calculations, the cross section
from Lindsay & Stebbings (2005) was used. The extinction of
ENAs is determined by survival probability
Sp,ENA = exp
(
−
∫ tobs
t
νion(τ, r(τ), v(τ))dτ
)
,
where νion is the total ionization rate due to the ionization pro-
cesses (charge exchange with protons, photoionization, and elec-
tron impact), i.e. νion = νex + νph + νimp. In our calculations we
neglect electron impact ionization (νimp = 0), and assume that
νph = νph,E(t, λ) · (rE/r)2, where λ is heliolatitude and rE = 1 au.
The temporal and heliolatitudinal variations of the photoionization
rate νph,E(t, λ) at 1 au adopted in our model were obtained from
different experimental data (OMNI, SWAN/SOHO) the same way as
it was performed in Katushkina et al. (2015). For the stationary
model calculations we assume constant photoionization rate at 1 au
νph,E = 1.67× 10−7 s−1 as it was taken in Izmodenov & Alexashov
(2015). The charge exchange ionization rate νex is calculated as
νex(t, r, v) =
∫ ∫ ∫
f (t, r, vp)|v − vp |σex(|v − vp |) dvp,
where vp is the velocity of proton.
To calculate the differential fluxes measured by IBEX-Hi at
different energy channels, the energy transmission of IBEX-Hi elec-
trostatic analyzerswere taken into account (for details, seeAppendix
A). Accounting for energy transmission leads to the re-distribution
of fluxes between the energy channels and the spreading of the ob-
served spectrum. Important to note, that it is possible to make some
simplifications in order to optimize the calculations. For energies
under consideration the production rate of ENAs νH can be safely
approximated in Equation 2 as νH(t, r, v) ≈ nH(t, r)vσex(v), since
|v − vH | ≈ v, so we use this simplification in our simulations.
Thus, to calculate the fluxes of ENAs, we need to know the
velocity distribution function of protons in the heliosphere. The fol-
lowing section will describe the method to calculate the distribution
of PUIs using the plasma and interstellar H atom distributions in
the heliosphere obtained in the frame of the global kinetic-MHD
model by Izmodenov & Alexashov (2020).
3 MODEL OF PUI DISTRIBUTION
3.1 Kinetic model
The distribution function of PUIs is anisotropic in the case of weak
scattering, i.e. when the SW turbulence level is low (the quiet solar
wind). However, as follows from theoretical estimates and obser-
vations (Gloeckler et al. 1994), the distribution function is almost
isotropic in the disturbed SW, so the process of an effective pitch-
angle diffusion must be operative. Therefore, we assume that the
velocity distribution of pickup protons in the SW rest frame is
MNRAS 000, 1–15 (2020)
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isotropic, and it is determined by the velocity distribution function
fpui(t, r, v) in the heliocentric coordinate system by the expression:
f ∗pui(t, r,w) =
1
4pi
∫ ∫
fpui(t, r, v) sin θdθdϕ,
where v = V(r, t) + w, v and V are velocity of pickup proton and
bulk velocity of the plasma in the heliocentric coordinate system,
w is the velocity of the pickup proton in the SW rest frame, and
(w, θ, ϕ) are coordinates of w in the spherical coordinate system.
The kinetic equation for f ∗pui(t, r,w) can be written in the following
general form (see, e.g. Isenberg 1987; Chalov et al. 2003):
∂ f ∗pui
∂t
+V·
∂ f ∗pui
∂r =
1
w2
∂
∂w
(
w2D
∂ f ∗pui
∂w
)
+
w
3
∂ f ∗pui
∂w
div(V)+S(t, r,w),
(3)
taking into account velocity diffusion (where D(t, r,w) is the ve-
locity diffusion coefficient) but ignoring spatial diffusion. The es-
timations of the spatial diffusion coefficient (e.g., Scherer et al.
1998, its table 4) show that for the energies under considera-
tion the spatial diffusion can be neglected (see, also, Rucinski et
al. 1993; Chalov & Fahr 1997). The source term S(t, r,w) =
S+(t, r,w) − f ∗pui(t, r,w)S−(t, r,w), where S+ and S− are responsible
for production and losses (extinction) of PUIs, respectively, and can
be calculated as
S+(t, r,w) = 14pi
∫ ∫
fH(t, r,V+w)νion(t, r,V+w) sin θdθdϕ, (4)
S−(t, r,w) = 14pi
∫ ∫
νH(t, r,V + w) sin θdθdϕ. (5)
In the IHS, neutrals can interact both with SW protons and
PUIs through the charge exchange process, so νex = νex,sw + νex,pui
and
νex,sw(t, r,V + w) =
∫ ∫ ∫
fsw(t, r,V + wsw)|w − wsw |·
·σex(|w − wsw |) dwsw,
(6)
νex,pui(t, r,w) =
∫
f ∗pui(t, r,wpui)·
·
(∫ ∫
|w − wpui |σex(|w − wpui |)w2pui sin θdθdϕ
)
dwpui.
(7)
3.2 Method of characteristics
In this paper, we consider a simple model and adopt D = 0 corre-
sponding to a quiet SW, when the magnetic field fluctuation level
is low (Chalov et al. 2003), i.e. we neglect the velocity diffusion.
Nevertheless, we admit that the process of velocity (energy) diffu-
sion is connected with effective pitch-angle diffusion, and therefore
should be taken into account. The study of this aspect will be held
in future works.
In this case, Equation (3) becomes the first-order linear differ-
ential equation that can be solved by the method of characteristics.
The characteristic is the SW particle trajectory
dr
dt
= V, (8)
which for the stationary case is also a streamline, and PUI velocity
changes along it according to
dw
dt
= −w
3
div(V). (9)
Equation (3) has the following solution
f ∗pui(t, r(t),w(t)) =
∫ t
t0
S+(τ, r(τ),w(τ))Sp,pui(τ, t)dτ+
+ f ∗pui(t0, r(t0),w(t0))Sp,pui(t0, t),
(10)
where Sp,pui(τ, t) describes the loss of PUIs due to neutralization on
their way from point (τ, r(τ),w(τ)) to (t, r(t),w(t)):
Sp,pui(τ, t) = exp
(
−
∫ t
τ
S−(τˆ, r(τˆ),w(τˆ))dτˆ
)
. (11)
Using Equations (8) and (9) the trajectory of PUI is reconstructed
backward in time from the point of phase space (t, r(t),w(t)) to
point (t0, r(t0),w(t0)), where the characteristic is close to the Sun,
and it can be safely assumed that f ∗pui(t0, r(t0),w(t0)) = 0. In our
calculations we use the following inner boundary: r(t0) = R0 = 0.1
au.
3.3 Kinetic moments
In the frame of the kinetic theory, the moments of the velocity
distribution function of PUIs at point (t, r) ∈ R4 are the following
values:
• zero velocity distribution function moment – number density:
npui(t, r) = 4pi
∫
f ∗pui(t, r,w)w2dw; (12)
• second velocity distribution function moment – kinetic tem-
perature:
Tpui(t, r) =
4pimp
3npuikB
∫
f ∗pui(t, r,w)w4dw, (13)
where mp is the mass of proton, and kB is the Boltzmann constant.
The pressure of PUIs can be calculated as ppui = npuikBTpui.
3.4 Jump condition at the TS
The usage of the Liouville’s theorem (phase space flow conservation
over the shock), the conservation of the magnetic moment (first
adiabatic invariant), and assumption of the weak scattering leads to
the following jump condition at the shock (Fahr & Siewert 2011,
2013):
f ∗pui,d(t, r,w) =
s
C3/2
f ∗pui,u
(
t, r, w√
C
)
, (14)
where
C(s, ψ) = (2A(s, ψ) + B(s, ψ))/3,
A(s, ψ) =
√
cos2 ψ + s2 sin2 ψ, B(s, ψ) = s2/A2.
In Equation (14) f ∗pui,u and f
∗
pui,d are the values of PUI dis-
tribution function upstream and downstream the TS, ψ(t, r) and
s(t, r) = nd/nu are the local upstream shock-normal angle (between
the magnetic field and normal to the shock surface) and the shock
compression factor that depend on the position r and moment t of
the TS crossing. From the observations by Voyager 1 the compres-
sion ratio is 2.4 (for TS-2 crossing, see Richardson et al. 2008a),
and in the global model simulations by Izmodenov & Alexashov
MNRAS 000, 1–15 (2020)
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(2020) it is ≈ 2 – 3 over the whole solar cycle. From the condi-
tion (14) the downstream/upstream ratios for the moments can be
obtained:
npui,d/npui,u = s, Tpui,d/Tpui,u = C, ppui,d/ppui,u = sC. (15)
Important to note that some PUIs can be reflected at the TS, so
the reflection process leads to anisotropy (in the SW rest frame) of
the velocity distribution of PUIs in some vicinity of the TS (Chalov
et al. 2015). In principle, the condition (14) can be modified by
introducing at the TS the generation of distinct populations of PUIs
(transmitted and reflected).
3.5 Global distributions of plasma and H atoms
To carry out calculations of the PUI distribution as described in the
previous sections, the global distributions of H atoms and plasma
should be known. We have performed global heliospheric simu-
lations of SW/LISM interaction using kinetic-MHD model by Iz-
modenov &Alexashov (2020) in the stationary and time-dependent
cases. Hereafter we will refer to this model as IA2020. The inter-
stellar parameters of the models are the following: the bulk velocity
and temperature are VLISM = 26.4 km/s and TLISM = 6530 K; the
direction of VLISM is (longitude = 75.4◦, latitude = -5.2◦) in eclip-
tic (J2000) coordinate system; the H atom, proton, and helium ion
number densities are nH,LISM = 0.14 cm−3, np,LISM = 0.04 cm−3,
and nHe+,LISM = 0.003 cm−3, respectively. The SW parameters at
EarthâĂŹs Orbit are the following: Mach number is 6.44 (corre-
sponds to SW temperature TE = 188500 K); the number density
of the alpha particles He++ is 3.5% of the proton number density.
The heliolatitude and time variations of the SWwere obtained from
different experimental data (OMNI 2 dataset, interplanetary scintil-
lation data, SWAN/SOHO full-sky Lyman-α maps), see Appendix
A in Izmodenov & Alexashov (2020) for details. The distribu-
tion of the solar wind proton number density and velocity at 1 AU
as functions of time and heliolatitude are shown in Izmodenov &
Alexashov (2020, Fig. A.1). For the heliospheric magnetic field,
the Parker spiral solution has been assumed at 1 au with magnetic
field magnitude BE = 37.5 µG at 1 au. The configuration of the in-
terstellar magnetic field is chosen as BLISM = 3.75 µG in magnitude
and (longitude 125◦, latitude = 37◦) in direction (HGI 2000). The
fluctuations of the heliospheric TS and the heliopause with time
(in Voyager 1/2 directions) are shown in Izmodenov & Alexashov
(2020, Fig. 2). The complete description of the model can be found
in Izmodenov & Alexashov (2015, 2020).
For the charged particles, the models imply a single-fluid ap-
proach, so “plasma" includes SW/LISM protons, pickup protons,
electrons, α particles in SW and helium ions in LISM. In the simu-
lations, the velocity distribution function moments of plasma (num-
ber density n, the bulk velocity vector V, and kinetic temperature
T) have been calculated on specific non-regular moving grid that
allows to perform exact fitting of the TS and heliopause (for details,
see Izmodenov & Alexashov 2015). Afterward, for the sake of sim-
plicity, the kinetic moments were interpolated on the spherical grid,
which is irregular by radius. For the points inside the inner bound-
ary (1 au) we extrapolate the plasma solution with assumptions of
(1) ∝ 1/r2 proportionality for the number density, (2) ∝ 1/r2(γ−1)
proportionality for the temperature (adiabatic law, γ = 5/3), and (3)
linear dependence of velocity on radial distance. Also, the obtained
(using the model) time-dependent solution of the plasma distribu-
tion in the heliosphere was time-discretized and the calculations
of the plasma distribution at the specific moments were performed
over the entire 22-year solar cycle with a 2-month time step.
For the neutral component of H atoms, the kinetic treatment
was used, and calculations were performed using the Monte-Carlo
method (see, Izmodenov & Alexashov 2015). From the global
model simulations the parameters (kinetic moments) of the velocity
distribution function of H atoms have been obtained everywhere in
the heliosphere and interpolated on the same spherical grid as for
the plasma but for the stationary case only. Additionally, to obtain
the H distribution in the vicinity of the Sun more precisely the so-
called two-step procedure using the local kinetic model has been
used, which takes into account the solar effects (for details see,
Katushkina & Izmodenov 2010; Katushkina et al. 2015). For the
time-dependent simulations, we use the model of the solar radiation
pressure by Kowalska-Leszczynska et al. (2018, 2020), and for the
stationary model calculations, we assume constant ratio 1.258 of
the solar radiation pressure force to the solar gravitation force as
it was taken in Izmodenov & Alexashov (2015). The local kinetic
model of H distribution uses the stationary boundary condition
from the global model simulations at the sphere r = 70 au. Inside
the boundary sphere, the H distribution function was calculated
by solving the kinetic equation with the method of characteristics,
which allows taking into account non-Maxwellian properties of the
H distribution in the vicinity of the Sun; the heliolatitude and time
variations of the SW are considered as well. Outside the boundary
sphere, the velocity distribution function of H atoms is assumed to
be the sum of anisotropic (3 component) Maxwellian distributions
of primary (population 4) and secondary (population 3) H atoms
only. By that, we ignore the production of PUIs due to the ionization
of minor populations (by its relative abundance; see, Malama et
al. 2006; Izmodenov et al. 2009) of H atoms that originated in
the region of supersonic SW and the IHS (populations 1 and 2,
respectively). The validity of such an assumption will be discussed
in Section 5 with results.
Therefore, starting from this point, we assume that the global
distributions of H atoms and plasma are known. All the following
results were obtained using the distributions of plasma and H atoms
calculated in the frame of the IA2020 model in the stationary case
unless otherwise indicated.
3.6 Numerical calculations of the PUI distribution
In this section, we describe the results of calculations of PUI dis-
tribution in the heliosphere. The simulations were performed using
the charged particles partitioning technique described in Section 4.
Figure 1 presents the evolution of the PUI distribution function
with distance. Numerical calculations were performed using the
stationary version of the IA2020 model at different heliospheric
distances (r = 40, 75, 90, 110 au) in the upwind (or Nose) direction
(longitude λ = 255.4◦ and latitude β = 5.2◦ in ecliptic coordinates
J2000). The velocity distribution function of PUIs is assumed to be
isotropic and it depends on the velocity w in the plasma reference
frame.
The black dotted line of Figure 1 presents the analytical solu-
tion for PUI distribution function in the region of supersonic SW
derived by Vasyliunas & Siscoe (1976), or the so-called filled shell
distribution (see, also, Zank et al. 2010):
f ∗pui(r, θ,w) =
3
8pi
N0V0
V4sw
(
Vsw
w
)3/2 λ
r
exp
(
−λ
r
θ
sin θ
(
Vsw
w
)3/2)
,
where w < Vsw, r is the heliocentric distance, θ is the angle between
the upwind direction and radius vector r, w is the velocity of PUI
in the plasma reference frame, N0 is the H atoms number density
MNRAS 000, 1–15 (2020)
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Figure 1. The evolution of the PUI distribution function with distance in the
upwind direction. The solid curves are the results of calculations at different
heliocentric distances (r = 40, 75, 90, 110 au). The blue and red solid lines
are the distribution function profiles just before and after the TS, respectively
(TS is located at 75 au). The green dashed curve presents the distribution
function at 90 au of PUIs that originated in IHS. The black dotted line
presents the analytical solution by Vasyliunas & Siscoe (1976) at r = 40 au.
w is the velocity of PUI in the plasma reference frame,Vsw,0 = 432 km s−1.
in the LISM, V0 is the velocity of H atoms relative to the Sun,
Vsw is the SW velocity, λ = r2Eνion,E/V0 is ionization characteristic
distance, and νion,E is the ionization rate at rE = 1 au. To plot the
black dotted line of Figure 1 the following set of parameters was
used: r = 40 au, θ = 0, N0 = 0.14 cm−3, V0 = 23 km s−1, Vsw
= 432 km s−1, νion,E = 6.2 × 10−7 s−1. From Figure 1 it can be
concluded that the calculations of the developed kinetic model of
PUI distribution (cyan solid line) reproduces the analytical solution
(black dotted line) qualitativelywell. The difference in quantities can
be explained by several simplifications made to derive the analytical
solution, such as the assumption of a spherically expanding SWwith
constant velocity, the neglect of a thermal spread in velocities of
SW protons and H atoms, a single neutral component assumption,
the neglect of H atoms interaction with the heliospheric interface,
etc.
The blue solid line of Figure 1 is the distribution function just
before (upstream) the TS (TS is located at 75 au). The difference
between the maximal velocities of the cyan and blue curves, which
are ∼ Vsw,0, can be explained by the deceleration of the SW with
distance from the Sun. The red solid line of Figure 1 is the distribu-
tion function profile right after (downstream) the TS. The transition
from blue to red curve represents the influence of the jump condition
(14) on the PUI distribution function profile. As can be seen, after
the TS crossing a PUI gets
√
C(s, ψ) ≈ √(2s + 1)/3 times higher
velocity (since ψ ≈ 90◦ in the upwind region), so the fast (with
w > Vsw,0) PUIs exist.
The green dashed curve presents the distribution function at
r = 90 au of PUIs that originated only in the inner heliosheath
(so-called “injected" PUIs; see, e.g., Zirnstein et al. 2014). The
comparison of the green and orange curves, the latter of which
shows the distribution function of PUIs that originated both in the
region of the supersonic SW and IHS, demonstrates that the PUIs
originated in the IHS have smaller velocity in the plasma reference
frame. In the IHS, the plasma flow is decelerated, and the relative
velocity between the plasma and H atom, which is parental to PUI,
is smaller (compared to the region of the supersonic SW).
With increasing radial distance from the Sun, the transition
from the red (75 au) to orange (90 au) and yellow (110 au) curves
is accompanied by a gradual decrease in the number of PUIs with
w ∼ Vsw,0 that originated in the supersonic SW and increase in the
number of slow PUIs (w ∼ 0.1 · Vsw,0), “injected" in the IHS. The
decrease can be explained by the extinction of PUIs (due to neu-
tralization), especially in the IHS, and it is driven by the survival
probability term (11). This effect is more pronounced for PUIs with
w ∼ Vsw,0 that originated in the supersonic SW since they travel the
longer time compared to the “injected" PUIs. The critical (or maxi-
mal) velocity of PUIs in the inner heliosheath iswc ≈
√
C(s, ψ)Vsw,0
(in the plasma reference frame), and it is different for the red, or-
ange, and yellow curves since the corresponding streamlines inter-
sect slightly different regions of the TS (due to the fact that the
structure of the heliosphere is perceptibly three-dimensional, so the
upwind direction is not a streamline as it is in axisymmetric mod-
els), while the shock compression factor s depend on the position
at the TS.
Using the calculated velocity distribution function, the kinetic
moments of PUIs can be obtained (see Equations 12 and 13), which
are presented in Figure 2. This figure shows the PUI moments up-
stream the TS: the number density (plot D), the kinetic temperature
(plot E), and the pressure (plot F), as functions of the spherical
angles θ, which is set in radial direction of the polar plots, and ϕ
that is increasing in the counterclockwise direction. The angle θ is
counted from the upwind direction (θ = 0◦ direction is opposite
to VLISM), and the angle ϕ is counted from the plane containing
the VLISM and BLISM vectors (so-called BV-plane; ϕ = 0◦, 180◦
corresponds to BV-plane), such as projection of BLISM vector on
the (θ = 90◦, ϕ = 0◦) direction is negative.
From Figure 2(D) we can see that themaximum of PUI number
density is in the Nose region, and that PUIs are concentrated in the
solar equatorial plane (ϕ ≈ 45◦, 225◦). It can be explained by the
fact, that the number density of PUIs is proportional to (a) the
H atom number density nH, which has its maximum in the nose
and minimum in the tail directions, and (b) the charge exchange
ionization rate νex, which has its minimum at solar poles (see, e.g.,
Figure 2 from Katushkina et al. 2019). The temperature of PUIs
(plot E) is highly correlated with the SW velocity, which is shown in
the plot C, and has its maxima in the solar pole directions since the
fast SW originates from the coronal holes, which are mostly located
at poles. The PUI pressure has its maximum in the upwind region
(plot F).
Figure 2 also presents the shape of the TS (plot A), which is
elongated in the tail direction, and the upstream shock-normal angle
ψ (in degrees) between the magnetic field direction and outward
normal to the shock (plot B). As can be seen from Figure 2(B),
the TS can be considered as perpendicular (i.e., ψ = 90◦) at its
nose (θ ≈ 0◦) and tail (θ ≈ 180◦) parts only, and the TS has a
blunt shape in the nose region since ψ > 90◦ on the Starboard side
(ϕ ≈ 45◦) and ψ < 90◦ on the Port side (ϕ ≈ 225◦). Therefore, it
is important to note, that the jump condition at the TS (14) used in
our calculations is not strictly correct everywhere at the TS, since it
employs the assumption of shock perpendicularity.
4 CHARGED PARTICLES PARTITIONING
The charged particles (plasma) distribution was obtained in the
frame of the IA2020 heliospheric model that considers the plasma
component in the context of an ideal MHD and imply a single-fluid
approach. Therefore, in the calculations, the plasma represents a
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Figure 2. (A) Heliocentric termination shock distance RTS. (B) The upstream shock-normal angle ψ. (C) The SW velocity. (D) The PUI number density. (E)
The PUI kinetic temperature. (F) The PUI pressure. All the parameters are presented upstream the TS as functions of the spherical angles θ, which is set in
radial direction of the polar plots (in degrees), and ϕ (in degrees) that is increasing in the counterclockwise direction. The definitions of θ and ϕ angles are
presented in the text. The values were obtained in the frame of stationary version of Izmodenov & Alexashov (2020) model. NSP = north solar pole, SSP =
south solar pole.
mixture of SW/LISM protons, pickup protons, electrons, α parti-
cles (He++) in SW and helium ions (He+) in LISM. For the helium
ion component in the LISM and α particles in the SW, the continuity
equations were solved separately. Then, the number density n rep-
resenting a mixture of protons and electrons only was obtained as
n = (ρ − mHenHe)/mp , where ρ is the plasma density, nHe denotes
the He+ number density in the interstellar medium and the He++
number density in the SW (for details, see Izmodenov & Alexashov
2015).
To calculate the PUI distribution function, the distribution of
SW protons should be known, according to Equation (6). We have
developed a technique to separate charged particles into compo-
nents, or, to be more precise, to calculate the number density and
kinetic temperature of both proton components (core SW protons
and PUIs) in the IHS. This method is based on the following as-
sumptions:
• The number density n from the global simulations represents
a composition of SW protons, PUIs, and electrons. To be more
specific, n = nsw + npui + neme/mp ≈ nsw + npui, since me/mp ≈
5 × 10−4 (me is the mass of electron).
• The plasma is quasi-neutral, which leads to equation ne =
nsw + npui + 2nHe++ = n + 2nHe++ .
• All the populations of charged particles are co-moving, i.e.
Vsw = Vpui = Ve = VHe++ = V, where V is the plasma bulk
velocity from the global calculations.
• For all the components the distribution functions are isotropic.
The total pressure of the ionized component is equal to the sum of
partial pressures, i.e. p = psw + ppui + pe + pHe++ . Therefore, the
following equation can be derived
(nsw + npui + ne + nHe++ )T = (2n + 3nHe++)T =
= nswTsw + npuiTpui + neTe + nHe++THe++,
where T is the plasma temperature from the global modeling.
• The number density of alpha particles is 3.5% of the proton
number density, i.e. nHe++ = α(nsw + npui) = αn, where α =
0.035 (Izmodenov & Alexashov 2015). This assumption is not
strictly correct in the whole region of the SW because near the
Sun there are sources due to the ionization of the helium atoms.
However, the difference rapidly decreases with distance from the
Sun and becomes insignificant in the IHS, in the region of the
specific interest. Also, we assume that THe++ = Tsw.
• The temperature of electrons Te = βTsw, where β = 1 in the
region of the supersonic SW as it was assumed by Malama et al.
(2006); Chalov & Fahr (2013), and β = 6.7 in the IHS (Chalov
2019).
Using the assumptions above the moments of SW protons can
be easily derived:
nsw = n − npui,Tsw =
(2 + 3α)nT − npuiTpui
(1 + β + (1 + 2β)α)n − npui , (16)
The velocity distribution function fsw of SW protons is as-
sumed to be isotropic Maxwellian:
fsw(t, r, v) = nsw(csw√pi)3
exp
(
−(v − Vsw)
2
c2sw
)
,
where csw =
√
2kBTsw/mp is the SW thermal velocity.
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Figure 3.Charged particles moments in the upwind direction. The top panel
presents number densities, the middle panel – temperatures, the bottom
panel – pressures. The plasma moments (from global simulations) have
been plotted with black curves, PUIs – red curves and dots, SW protons
– blue curves and crosses, electrons – cyan curves and dots, α particles –
magenta dashed curve. For the sum of partial pressures (PUIs, SW protons,
electrons, and α particles) the yellow curve was used.
To calculate the moments of SW protons (nsw, Tsw) and PUIs
(npui, Tpui) the following iterative algorithm was used.
(i) Since the PUI distribution is unknown, initially assumed that
there are no PUIs (npui = 0, νex,pui = 0) and, according to Equation
(16),
nsw = n, Tsw =
2 + 3α
1 + β + (1 + 2β)αT .
As can be seen, Tsw = T in case of β = 1 (in the supersonic SW).
(ii) The simulations of the velocity distribution function of PUIs
are performed as described in the previous subsections and the
kinetic moments (npui, Tpui) are calculated using Equations (12)
and (13).
(iii) Using the formulas (16) the parameters (nsw, Tsw) can be
recalculated.
(iv) Steps ii and iii were repeated until the convergence is ob-
served. During our numerical experiments, we have found that start-
ing from the second iteration the number density and temperature
of PUIs change insignificantly. Therefore, we have concluded that
the calculations using the initial assumptions (described in Step 1)
approximate the genuine distribution well.
Figure 3 presents the results of the calculations of the iterative
algorithm (described above) in the upwind direction. The calcula-
tions were performed for the plasma and neutral component distri-
butions obtained in the frame of IA2020 heliospheric model in the
stationary case. The top panel of the figure presents the number den-
sities, the middle panel – the temperatures, and the bottom panel –
the pressures. The plasma distribution (from the global simulations)
has been plotted with black curves, the red curves with dots were
used for the PUIs, blue curves with crosses – for the SW protons,
cyan curves with dots – for the electrons, magenta dashed curves
– for the α particles, and the yellow curve was used for the total
pressure of PUIs, SW protons, and electrons.
As can be seen from Figure 3, in the region of the supersonic
SW the number density of PUIs remains almost constant with dis-
tance, which can be explained by the fact the production (due to
ionization) and loss (due to neutralization) rates nearly compensate
each other. The temperature of PUIs in this region is decreasing
slowly with radial distance due to the decrease of SW velocity. In
the IHS, the number density of PUIs is growing up with increas-
ing radial distance since the production rate of the “injected" PUIs
dominates over the extinction. The temperature of PUIs in the in-
ner heliosheath is decreasing with increasing radial distance since
the fast PUIs (with w ∼ Vsw,0), which originated in the supersonic
SW, extinct rapidly, making the distribution function more centered
around small values of velocities (see Figure 1).
The temperature of the SW protons (see blue curve in the mid-
dle panel) decreases adiabatically up to 10 AU where it becomes
very low (∼ 103 − 104 K). According to Malama et al. (2006),
in the region from 10 AU up to the TS the energy transferred to
the SW by photoelectrons becomes non-negligible, which results in
the formation of such plateau in the spatial distribution of the SW
protons temperature. Downstream the TS, the temperature of the
SW protons Tsw ≈ 2 × 105 K (consistent with Voyager 2 observa-
tions; Richardson et al. 2008b), which corresponds to SW thermal
velocity csw =
√
2kBTsw/mp ≈ 58 km/s (≈ 0.017 keV), and Tsw
is almost constant with increasing radial distance. Since the SW
thermal velocity csw is smaller compared to the SW velocity in the
inner heliosheath (Vsw ≈ 100 – 150 km s−1), the charge exchange
of the SW protons appears to be an insignificant contributor to the
measured ENA fluxes at high energies (& 1 keV). The tempera-
ture of PUIs in the inner heliosheath is by 1-2 orders of magnitude
higher than the temperature of SW protons, and it is expected that
the charge exchange process of PUIs is the major contributor to the
ENA fluxes at these high energies. Important to note, that assump-
tion of β = 6.7 in the IHS is essential, since in the case of β = 1
in the IHS the SW temperature downstream the TS would be ≈3.9
times higher in the model, making it not consistent with Voyager 2
observations.
The sum of the partial pressures ppui + psw + pe + pHe++ (the
yellow curve in the bottom panel) equals the initial plasma pres-
sure from the global simulations (black curve), which verifies the
correctness and accuracy of our partitioning technique.
5 COMPARISONWITH IBEX-HI DATA
For the comparison with our modeling results, we use the data
sets of globally distributed flux observed by IBEX-Hi during the
first 5 years of the mission (from 2009 to 2013) and presented
by Schwadron et al. (2014), which are available on the webpage
of the IBEX public Data Release 8 (http://ibex.swri.edu/
ibexpublicdata/Data_Release_8/).We have calculatedmodel
full-sky maps of the ENA fluxes as described in Sections 2–4 and
performed the comparisonwith IBEX-Hi data at the energy channels
2–6 (with the central energies ∼0.71, 1.1, 1.74, 2.73, and 4.29
keV, respectively). The Compton-Getting and survival probability
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correctionswere applied for the IBEX-Hi data, so in our calculations,
we did not take into account both the relative motion of the IBEX
spacecraft and the ionization losses of ENAs in the region of the
supersonic SW. Also, the model maps of ENA fluxes were obtained
for the lines of sight when the sensor views the heliosphere in the
ram direction (i.e., in the direction of spacecraft motion), as it was
done for the IBEX-Hi data in Schwadron et al. (2014).
In previous works on modeling the IBEX-Hi observations, a
scaling of the simulated values is applied. In this way, to perform a
comparison with the IBEX-Hi data, the scaling factors 2.5 and 1.8
were used in Zirnstein et al. (2017) and Kornbleuth et al. (2020),
respectively. We have estimated the scaling factor for our modeling
results (based on the χ2 minimization procedure; see Appendix B)
and found it to be equal to 1.002 (for the time-dependent model
calculations), which is close to 1.0, so we do not scale our model
results, unless otherwise indicated.
The results of comparison of the IBEX-Hi data with model are
presented in Figures 4 – 7. Figures 4 and 5 present the full sky maps
in ENA fluxes for IBEX-Hi energy channels, while Figures 6 and 7
show the ENA spectra in the specific directions of the sky.
Figures 4 and 5 present the comparison of the IBEX-Hi data at
the top five energy channels (2–6) with the ENA flux maps obtained
in the frame of the IA2020 heliospheric model. The first column of
the figures present the results of stationary calculations, the second
column – the time-averaged (during 2009–2013) calculations using
the time-dependent version of the model, the third column is the
IBEX-Hi data collected during the same time period. The maps
of Figure 4 are centered on the Nose longitude 255.4◦ and zero
latitude, while the maps of Figure 5 – on the Tail longitude 75.4◦
and zero latitude. The stationary model fluxes are multiplied by
corresponding best-fitting scaling factor 0.67. Let us note, that the
ENA fluxes are calculated for the specific IBEX-Hi energy channels
with the energy response functions of electrostatic analyzers (ESAs)
taken into account according to Equation (A1). The modeled ENAs
originate from the PUI population only. We do not present in the
maps the fluxes of ENAs that originated from the SW protons,
since this component provide negligible fluxes in the whole IBEX-
Hi energy range (2-3 orders of magnitude smaller as can be seen
from Figure 6).
In Figure 6 the ENA flux spectra as it was observed by IBEX-
Hi in the upwind direction are presented. The black solid line with
crosses shows the IBEX-Hi data. The yellow solid line presents the
calculated spectrum of ENAs that originated from PUIs (using the
time-dependent model). The red line with dots is also the simu-
lated ENA fluxes of the time-dependent model, but calculated for
the specific IBEX-Hi energy channels with energy response of the
instrument taken into account according. The blue solid line is the
model fluxes produced by the ENAs that originated from the SW
protons (the stationary model was used). The green dashed curve
presents the stationary model fluxes of ENAs that originated from
PUIs, which were born in the IHS (“injected" PUIs). The cyan
solid line is the ENA spectrum (from PUIs) calculated using the
stationary version of the global heliospheric model.
Figure 7 shows the ENA flux spectra as it was observed by
IBEX-Hi in the directions of the North/South heliotail regions with
enhanced fluxes (plot A) and the Starboard/Port heliospheric flanks
with low fluxes (plot B), or the so-called North/South and Star-
board/Port lobes. In our study, these directions have taken as the
center bin directions (for which the data is present) that are the
closest to the lobe directions estimated by Zirnstein et al. (2016,
see its Table 1) at the fifth energy step (∼2.73 keV). The chosen
directions of the lobes are presented in Table 1. The black and grey
Table 1. The directions of the heliospheric lobes in ecliptic (J2000) cordi-
nates.
Lobe Ecliptic Ecliptic
longitude [◦] latitude [◦]
North 75 45
South 87 -45
Starboard 153 15
Port 9 -15
solid lines with crosses present the IBEX-Hi data, while the red and
blue solid curves shows the model spectra in the North/Starboard
and South/Port directions, respectively. The orange and cyan dashed
curves with dots are the simulated ENA fluxes for the specific IBEX-
Hi energy channels (the energy response of ESAs was taken into
account).
From the comparison of the simulation results with the IBEX-
Hi data we can make the following conclusions:
• There is a good quantitative agreement between the time-
dependent model results and the observed fluxes in the middle
range of energies (at energy steps 3 – 5), especially for the regions
of North/South heliotail lobes where the absolute values are well
reproduced by the model even at the energy channel 6. Let us ad-
ditionally note that for the simulation results, obtained in the frame
of our time-dependent model, a renormalization is not needed (the
scaling factor is very close to 1).
• The time-dependent version of themodel explains the IBEX-Hi
data better than the stationary model, especially in the Tail region
(see the first and second columns of Figures 4 and 5). From the
comparison of the yellow and cyan curves of Figure 6, we can
also see that accounting for time-dependence “flattens" the ENA
spectrum by making the fluxes lower at low (.2.5 keV) energies
and higher at high (&2.5 keV) energies, making it more consistent
with the IBEX-Hi data. This can be explained by the fact that the
spectrum, calculated using the time-dependent version of themodel,
reflect the averaged plasma properties in the IHS (during 2009 –
2013), when the SW speed was different, which creates the spread
in the ENA spectrum.
• Both the stationary and time-dependent models are able to
reproduce qualitatively the geometry of the multi-lobe structure
seen in the IBEX-Hi data.
A single structure of enhanced fluxes in the Tail direction is seen
in the IBEX-Hi data at lower energy channels (∼0.71, 1.1, 1.74 keV).
At higher energies, this structure “splits" into two parts with high
fluxes (to the north and south from the solar equatorial plane). The
model results qualitatively reproduce such “splitting" behavior of
the lobes. The lines of sight of the high latitude heliotail lobes with
enhanced ENA fluxes intersect the regions of the IHS, where (a)
the fast SW, initially emitted from the solar poles and propagated
to the heliospheric tail, is collimated, and the plasma velocity and
temperature are high, and (b) the heliosheath thickness is large.
Figure 7(A) shows that in the North/South lobe directions the model
reproduces the data quantitatively well at all the energy steps except
channel 2. In the model, the separation of the North/South heliotail
lobes with enhanced fluxes is observed at ∼1.74 keV, while in the
data the structure remains indivisible at this energy channel.
The presence of the low flux areas from the flanks of the helio-
sphere (so-called Starboard and Port lobes) observed in the IBEX-Hi
data is seen in themodel results. The Ion andNeutral Camera (INCA)
on the Cassini spacecraft (Krimigis et al. 2009), which provided
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Figure 4. The Mollweide skymap projections (in ecliptic J2000 coordinates) of the ENA fluxes as it was observed by IBEX-Hi at the energy channels 2–6
(by rows). The modeled ENAs originate from the PUIs only. The first column presents results of calculations using the stationary model by Izmodenov &
Alexashov (2020), the second column – the model results averaged over 2009–2013 using the time-dependent model, the third column is the IBEX-Hi data
collected during the same period. The stationary model fluxes are multiplied by factor 0.67. The units of fluxes are (cm2 sr s keV)−1. The maps are centered on
the Nose ecliptic longitude 255.4◦ and zero latitude.
measurements of ENAs at high energies (5.2 – 55 keV), has also
observed these areas that were called “basins" (see, e.g., Dialynas
2013). These low fluxes lobes are located in the vicinity of the solar
equatorial plane, where the slow SW dominates and the thickness
of the heliosheath is small. As it was suggested by McComas et al.
(2013) and studied by Zirnstein et al. (2016), the side lobes are
formed by the composition of the following effects: (a) the closer
the LOS to the upwind direction is, the thinner the IHS, producing
lower flux; (b) in the Nose of the heliosphere, the enhancement
of the ENA flux is forced by the compression and heating; (c) the
emission of faster SW at high latitudes produce lobes at the flanks
of the heliosphere. From Figure 7(B) we can see that the fluxes from
the Port side are systematically lower than in the Starboard region,
and the model reproduces such behavior, which is due to the smaller
heliosheath thickness on the Port side of the heliosphere.
As it is seen in Figure 7, the slope of the IBEX-Hi spectrum is
much smaller in the North/South lobe directions (plot A) than in the
Starboard/Port lobe directions (plot B). This behavior is reproduced
by the model also and can be explained by the fact that in the
directions of the low latitude side lobes the lines of sight intersect
those regions of the IHS, where the SW is slower and colder (with
respect to the North/South lobe directions), which results in lower
fluxes at high energies (see, also, McComas et al. 2013).
• While the model produces a comparable with the IBEX-Hi
data fluxes at energy channels ∼1.1 keV and ∼1.74 keV, a deficit
of fluxes at higher energy channels 5 and 6 is observed, especially
from the Nose region. From Figure 6 we see that the IBEX-Hi data
values (black crosses) at the energy channels 5 and 6 are ∼2 and
∼10 times, respectively, higher than the model fluxes (red points).
The possible explanation for this discrepancy is a lack of ENAs,
which originated from the energetic PUI population produced by
the processes of shock-drift acceleration or reflection from the cross-
shock potential. The presence of such energetic PUIs is not taken
into account in our modeling.
• The model produces smaller fluxes (compared to the IBEX-Hi
data) from both the Nose and Tail regions of the sky at energy
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Figure 5. The description is the same as for Figure 4, but the maps are centered on the Tail ecliptic longitude 75.4◦.
channel 2 (central energy ∼0.71 keV). As can be seen in Figure 6,
neither the ENAs that originated from the SW protons (blue solid
curve) nor the ENAs that were created through the charge exchange
of “injected" PUIs (green dashed line), which originated in the
inner heliosheath, can explain the discrepancy between the model
calculations and the IBEX-Hi data at this energy channel since the
atoms of these populations have quite low energy (.0.1 keV).
Important to note, that in our simulations the origin of the PUIs in
result of charge exchange of protons with H atoms, which originated
in the supersonic SW or IHS (so-called populations 1 and 2 of
H atoms, respectively), is not taken into account. In principle, the
atoms of population 1 have velocity∼Vsw (for details see, Izmodenov
et al. 2009) and potentially they could be a source of PUIs that will
be parental to ENAs with energies .1 keV. The atoms of population
2 could be a seed population for high energy PUIs, which, in turn,
will be parental to ENAs with few keV energies. Nevertheless, as
was shown by Malama et al. (2006, see Figure 6), in the IBEX-Hi
energy range these scenarios produce ENA fluxes, which are 1-2
orders smaller than the fluxes from the populations considered in our
modeling, so they can be safely neglected. According to the results
of Malama et al. (2006) there are no other H atom populations that
can explain the lack of ENAs in the modeling at IBEX-Hi energy
channel 2 (∼0.71 keV).
The possible explanation for the lack of fluxes at low energies
(∼0.7-1 keV) can be the velocity diffusion, which is assumed negli-
gible in our modeling. The acceleration effect driven by the velocity
diffusion of PUIs in the inner heliosheath may produce higher fluxes
at ∼1 keV energies (see, e.g., Kallenbach et al. 2005; Fahr & Ficht-
ner 2011; Fahr et al. 2016).
6 THE EFFECT OF ADDITIONAL ENERGETIC PUI
POPULATION ON ENA FLUXES
The main limitation of the described above model is the absence of
processes that produce energetic “tails” in PUI distribution, such as
shock-drift acceleration or reflection from the cross-shock potential
(“shock-surfing”mechanism). To see how the inclusion of additional
energetic PUIs affects the modeled ENA fluxes, we consider a “toy
model" with a power-law “tail" in PUI distribution downstream the
TS.
To simulate the additional energetic PUI population, the fol-
lowing approach will be employed. Using the method described in
MNRAS 000, 1–15 (2020)
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Section 3, the PUI velocity distribution function can be calculated
everywhere downstream the TS. This distribution is the filled shell
f ∗sh(t, r,w) with critical velocity wc ≈
√
C(s, ψ) · |Vsw − VH |, i.e.
f ∗sh(tTS, rTS,w) = 0 for w > wc, where s is the shock compression
factor, Vsw is the SW velocity vector, VH is H atom bulk velocity,
tTS and rTS = r(tTS) are the moment and position of a PUI crossing
the TS. For velocities higher than wc we assume the power law dis-
tribution f ∗tail(tTS, rTS,w) ∼ w−η with index η that defines the slope
of the “tail". We also introduce the additional parameter ξ that is
the density fraction of the PUIs of the “tail" distribution. Therefore,
the PUI velocity distribution function right after the TS is assumed
as
f ∗pui,d = (1 − ξ) f ∗sh + ξ f ∗tail, (17)
where
f ∗tail(tTS, rTS,w) = npui,d(tTS, rTS)
w−η
4pi
∫ +∞
wc
w−ηw2dw
= npui,d(tTS, rTS)
η − 3
4piw3c
(
w
wc
)−η
, w ≥ wc,
(18)
and ftail(tTS, rTS,w) = 0 for w < wc, npui,d is the PUI number
density downstream the TS. Equation (18) implies that η > 3,
otherwise the number density of the “tail" PUIs will be infinite.
In the IHS, the solution of the kinetic equation (10) with the
boundary condition downstream the TS (17) is employed. The first
and second terms of this condition are associated with transmitted
and additional energetic populations of PUIs downstream the TS,
respectively. Let us note that such partitioning of PUIs (into sub-
populations) implies the conservation of the total number density,
while the pressure balance is not satisfied. By introducing the “tail"
in the velocity distribution, some amount of energy is added to the
system. This additional energy can be “pumped" by the interaction
of PUIs with the TS or produced by fluctuations of the heliospheric
magnetic field.
In principle, the parameters ξ and η, which were artificially
introduced in the approach described above, depend on the local TS
properties, such as shock-normal angle ψ and shock compression
factor s, but for the sake of simplicity, we assume it to be constant
in our study. In order to demonstrate the qualitative effect of the
additional energetic PUIs on the ENA fluxes, we have performed
calculations for the specific pair of parameters – ξ = 0.3 and η = 5
(Fisk & Gloeckler 2007).
Figure 8 shows the velocity distribution function of PUIs down-
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stream the TS (plot A) and the ENA flux spectra as it was observed
by IBEX-Hi in the upwind direction (plot B), calculated with differ-
ent assumptions on PUI distribution right after the TS. The yellow
curves present the results of calculations using the filled shell dis-
tribution downstream the TS, and the green curve – the sum of
the filled shell distribution and power-law “tail" (with parameters
ξ = 0.3 and η = 5). The red and blue dotted lines are the sim-
ulated ENA fluxes for the specific IBEX-Hi energy channels with
the energy response of ESAs taken into account. The black solid
line with crosses presents the data. Figure 9 shows the comparison
of the IBEX-Hi data at the top five energy channels (2–6) with the
simulated full-sky ENA maps in the frame of the time-dependent
version of IA2020 heliospheric model with the “tail" in the PUI
distribution downstream the TS.
As can be seen from Figures 8 and 9, the additional population
of energetic PUIs (simulated in our approach using the power-law
“tail" in the PUI distribution) produce higher fluxes at the top en-
ergy channels, which makes the model flux maps qualitatively and
quantitatively more consistent with the IBEX-Hi data. As can be
concluded, the GDF is extremely sensitive to the form of the veloc-
ity distribution function of PUIs in the inner heliosheath, and the
accounting for the existence of additional energetic population of
PUIs is essential to explain the data. Therefore, a detailed paramet-
ric study of the this population using the IBEX-Hi data needs to be
performed, which is beyond the scope of this paper. It is planned to
be done in the future and will be published elsewhere.
7 CONCLUSIONS
In this work, we have calculated the ENA fluxes at EarthâĂŹs orbit
and performed a detailed quantitative comparison with the IBEX-Hi
data. The main conclusions of these studies can be summarized as
follows.
(i) In the model described in this paper, the PUI population is
considered kinetically. Using the developed model, we were able to
calculate the full-sky ENA flux maps and reproduce the geometry
of the multi-lobe structure seen in the IBEX-Hi data. There is a good
quantitative agreement between the time-dependent model results
and the observed fluxes in the middle range of energies (at energy
steps 3 – 5), especially for the regions of North/South heliotail lobes,
where the absolute values are well reproduced by the model even
at the energy channel 6. For the time-dependent model results a
scaling of the fluxes is not needed.
(ii) Despite a relatively good agreement, there are few quantita-
tive differences between our model calculations and the IBEX-Hi
data: (a) a deficit of fluxes at highest energy channels 5 and 6 is
observed, especially from the Nose region; (b) the model produces
smaller fluxes (compared to the IBEX-Hi data) from both the Nose
and Tail regions of the sky at energy channel 2 (central energy∼0.71
keV); (c) the “split" of the North/South heliotail regions with en-
hanced fluxes is observed in the model at lower energies (∼1.5 keV)
than in the data (∼2 keV). These distinctions can be the result of
several assumptions and simplifications made in the modeling, such
as the isotropic form of the velocity distribution function of PUIs
everywhere in the heliosphere, the neglect of the velocity diffusion,
and the weak pitch-angle scattering at the TS.
(iii) The ENA fluxes from the inner heliosheath are extremely
sensitive to the form of the PUI velocity distribution function. The
accounting for the existence of additional energetic population of
PUIs is essential to explain the data.
Thereby, the goal of future investigations is to take into ac-
count the additional population of energetic PUIs and understand
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the physical reasons for the lack of ENA fluxes at energy channel
2 (∼0.7 keV). For these purposes, we plan to consider the realistic
dynamics of PUIs near the TS. Some portion of PUIs can expe-
rience reflections at the shock front due to abrupt change of the
magnetic field and gain energy from their drift motion along the
TS in the direction of the induced electric field. The PUIs can also
experience the pitch-angle scattering upstream and downstream of
the TS, which provides a way for transmitted particles to return
to the shock, so the multiple reflections can occur. The process of
reflection leads to anisotropy (in the SW rest frame) of the velocity
distribution of PUIs near the TS. Thus, in this vicinity (upstream
and downstream of the TS), the transport equation for anisotropic
velocity distribution function of PUIs should be solved (see, e.g.,
Chalov et al. 2015).
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APPENDIX A: IBEX-HI ENERGY TRANSMISSION
To calculate the differential flux JMi in the LOS direction measured
by IBEX-Hi at the energy channel #i, the energy transmission of the
electrostatic analyzer (ESA) is taken into account:
JMi (LOS) =
∫ Ei,max
Ei.min
jENA(E,LOS)Ti(E)dE, i = 1, ..., 6, (A1)
where superscript “M" denotes the model, jENA(E,LOS) is differ-
ential spectra of ENA fluxes, Ei,min and Ei,max are the boundaries
of ESA #i accepting energies, Ti(E) is normalized energy response
function of the ESA #i (see Figure A1) such as
∫ Ei,max
Ei,min
Ti(E)dE = 1.
The point spread function of IBEX-Hi sensor is not taken into ac-
count in our modeling, so the fluxes are calculated for the center
directions of the IBEX skymap 6◦ × 6◦ bins.
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Figure A1. IBEX-Hi energy response as function of energy for all 6 energy
channels. The calibration data files were taken from http://ibex.swri.
edu/ibexpublicdata/CalData/Hi/.
APPENDIX B: MODEL SCALING FACTOR
The difference between the model and data can be described in
terms of the χ2 value (the weighted average of residuals):
χ2(k) =
∑
ESAi
∑
LOSj
(
JDij − k × JMij
σij
)2
, (B1)
where k is the scaling factor, JDij and J
M
ij are the IBEX-Hi data and
model ENA flux values (superscript “D" denotes the data), σij are
the uncertainties of observations, the summations are performed for
the top five IBEX-Hi energy channels (i = 2, . . . , 6) and all 60 × 30
lines of sight for which the data is presented ( j = 1, . . . , 1800).
Using the weighted linear regression the best-fitting value kˆ,
for which the χ2(k) function takes its minimum, can be found as
kˆ =
∑
ij JMij J
D
ij /σ2ij∑
ij(JMij /σij)2
, (B2)
which is the solution of equation dχ2/dk = 0.
The reduced chi-square statistic χ2red, which is χ
2 per degree of
freedom, can be calculated as χ2red = χ
2/ν, where ν = N−M equals
the number of observations N minus the number of fitted parameters
M . In our study, the number of observations N = 5 × 1800 = 9000
(5 energy channels and 1800 lines of sight).
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